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ABSTRACT

A parametric study was made of a group of separate-flow-exhaust
turbofan engines for advanced technology airplanes designed to carry 300
passengers over a transcontinental range. Cruise lift-drag ratios com-
patible with the supercritical wing were assumed. Combined jet and fan
machinery perceived noise was calculated at both the sideline (lift-off)
and approach measuring stations specified by FAR Part 36. Noise goals as
low as 106 PNdB could be met with 20 PNdB of acoustic treatment with a
two-stage fan having a pressure ratio of 2.25 at cruise. With this
amount of suppression, a noise goal about 10 PNdB lower could be met with
a single-stage fan having a pressure ratio of 1.70. The airplane figure
of merit (range or gross weight) was compromised by the reduction in fan
Pressure ratio, however. Although these parameters were optimized by re-
ducing cruise speed to about Mach 0.90, direct operating cost was mini-
mized by designing for cruise at Mach 0.94. Noise goals as low as
96 PNdB can probably be met at what looks to be only a moderate economic
penalty.
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SUMMARY

A parametric study was made of a group of separate-flow-exhaust
turbofan engines for use in advanced technology airplanes designed for
cruise speeds ranging from Mach 0.90 to 0.98. The airplanes were sized
to carry a payload of 300 passengers over a transcontinental range.
Cruise lift-drag ratios compatible with the supercritical wing were
assumed. A matrix of study engines with fan and compressor pressure -
ratios and bypass ratio as variables was studied. Engine weight was
allowed to vary with bypass ratio, overall pressure ratio, and airflow,
The engines were sized for cruise. Turbine rotor-inlet temperature was
fixed at 2300° F'at takeoff conditions, but was allowed to vary during
cruise to optimize an airplane figure of merit (e.g., range or gross -
weight) while simultaneously observing takeoff and ‘climb thrust con-
straints. Combined jet and fan machinery perceived noise levels were
‘calculated for selected éngines at both the sideline (lift-off) and
approach measuring stations specified by FAR Part 36.

It was found that noise goals as low as 106 PNdB could be met with
20 PNdB of inlet and duct acoustic treatment with two-stage fans having
a design (cruise) pressure ratio of 2.25. With the same amount of ma-
chinery noise suppression, it was found that a noise goal approximately
10 PNdB lower could be met with a single-stage fan having a 'design pres-
sure ratio of 1.70. The airplane figure of merit was compromised by this
reduction in fan pressure ratio, however, especially at cruise speeds
approaching the Mach 0.98 upper limit considered here. The airplane
figures of merit of range and gross weight were optimized by selection
of a design cruise speed at the low end of the spectrum investigated.
Direct operating cost, however, was minimized at a slightly higher cruise
speed (about Mach 0.94). At this cruise speed, it was found that noise
goals as low as 96 PNdB can be met at what appear to be only moderate
economic penalties. ’

INTRODUCTION

The supercritical wing proposed by Whitcomb (ref. 1) offers the
potential for delaying the transonic drag rise experienced by present-
day subsonic jet tramsports as their f£light speed approaches Mach 1.
Transport airplanes using this wing could then cruise at somewhat higher
speeds than in present commercial use with little or no penalty in 1lift-
drag ratio (L/D). Alternatively, at lower cruise speeds (e.g., around
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Mach 0.9) the advanced wing technology will permit less sweepback and/or
more thickness, increased aspect ratio, etc. Such changes could result-
in higher cruise L/D or less wing weight for the same L/D. In this
study in which design cruise speed was varied from a maximum of Mach 0.98
down to Mach 0.90, it was assumed that wing weight for any given takeoff
gross weight would remain constant as design speed was reduced but L/D
would increase. L/D's with this schedule are postulated at Mach 0.98 to
be near that obtainable in practice now with the Boeing 747 cruising at
Mach 0.86. At Mach 0.90 with advanced technology, L/D dis postulated to
be slightly above that obtained with the Boeing 707-320B designed to
cruise at Mach 0.80.

Previous studies (refs. 2 and 3) have been made to define the opti-
mum engine design parameters for a Mach 0.98 advanced technology trans-
port. In these studies range was allowed to vary as the airplane figure
of merit as different engines were installed in a fixed airframe of con-
stant weight. Takeoff gross weight (TOGW) and payload were also fixed.
In the first study (ref. 2), the engine characteristics were determined
for an engine that would meet a noise goal of 106.5 PNdB at the sideline
and approach measuring points specified by Federal Air Regulation Part 36.
In the second study (ref. 3), the engine parameters required to meet
noise goals as low as 86 PNdB were examined. In both of these studies,
several simplifying assumptions were made (e.g., turbine rotor-inlet tem=
perature T, at cruise was always 200° F lower than at takeoff and take-
off and cruise fan pressure ratio FPR, bypass ratio BPR, and compressor
pressure ratio were the same).

In the present study, airplanes are considered for design speeds of
Mach 0.90 and 0.94, as well as Mach 0.98. 1In the first part of the
study, range is again used as the figure of merit for airplanes with
fixed TOGW, airframe weight, and payload (as in refs. 2 and 3). As the
engine design parameters were changed, both the specific fuel consumption
(sfc) and engine weight (and, hence, fuel weight) changed, thus causing
range to change. But range as a figure of merit does not reflect the
importance of block time reductions afforded by higher cruise Mach num-
bers. Direct .operating cost (DOC) as calculated by the standard  ATA
method (ref. 4) does, however, reflect the importance of block time in
economic terms. Hence, DOC was calculated in this study for engines
optimized to meet a range of noise goals as low as 86 PNdB. Changes in
engine airflow, fuel weight, acoustic treatment weight, block time, and
range caused DOC to vary as the engine design parameters were changed.

Ranges from 3000~-plus miles to more than 4000 nautical miles were
obtained in the first part of the study. A more meaningful comparison
of airplanes is obtained if range is fixed and airplane TOGW is allowed
to vary as required. This was done in the second part of this study
(with range fixed at 3000 n. mi.). Airframe weight (i.e., OEW minus
installed engine weight) was assumed to remain a constant percentage of
the TOGW, based on data from reference 5. These TOGW calculations
were made only for selected engines which were shown to be optimum at
each noise level in the first part of the study. DOC was again calcu-
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lated in much the same way as before except that in this part of the
study airframe cost was assumed to vary with airframe weight.

In the present study, T, at takeoff was fixed at 2300° F because
data from references 2 and 3 indicated that higher temperatures did not
offer any appreciable benefits, especially when noise constraints were
applied. The - T, at . cruise (the engine sizing condition), however, was
allowed to vary from 2200° F downward as required to maximize the air-
plane figure of merit with the constraint that enough thrust must be
available for takeoff. (In refs. 2 and 3, T, at cruise was arbitrarily
assumed to be 200° F less than at takeoff.) Cruise T4 din this study
was not allowed to exceed 2200° F (i.e., takeoff and climb T, minus
100° F) so that some acceleration would still be available as cruise was
approached. This restraint eliminated the possibility that infinite time
to climb up to cruise might be required. As in the previous studies of
references 2 and 3, time and range to climb up to cruise were assumed to
remain constant in all cases. This assumption may be somewhat more in-
accurate in this study since cruise Mach number and altitude now vary,
but it is thought to be of only secondary importance to the overall:
mission time and range.

Another difference between this study and the studies of references 2
and 3 is that it is no longer accurate enough to assume that FPR, com-
pressor pressure ratio, and BPR are the same at takeoff and the cruise
design point. This occurs because of the different cruise Mach numbers
(and, hence, altitudes) studied in this report and also the varying dif-
ference in T, between takeoff and cruise. Hence, a component-matching
computer program was used to correct the cruise values of these param-
eters (together with corrected airflow) to the takeoff condition, as a
function of cruise BPR.

In references 2 and 3, the estimated turbomachinery perceived noise
was added antilogarithmically to the combined jet perceived noise of the
fan and core exhausts, as calculated by the SAE standard method (refs. 6
and 7). It has since been discovered that this procedure underestimates
the combined perceived noise by as much as 1.2 PNdB in the sideline cal-
culation and 2.0 PNdB in the approach calculation. These maximum differ-
ences occur when the individual perceived noise levels of the fan turbo-
machinery and the combined jet streams are approximately equal. The pro-
cedure that was used in these previous studies is valid only when the
spectral distribution of the noise sources to be combined is similar.
Sound pressure level (SPL) for the combined jet streams, however, is
usually at a peak in the second or third octave while fan machinery SPL
peaks at a higher frequency (usually in the sixth octave). In this re-
port, a fan machinery noise spectrum was assumed (i.e., SPL in dB as a
function of frequency) and was added antilogarithmically at each octave
to the combined SPL of the two jet streams. From this point on, the
procedure for computing the total perceived noise was the same as indi-
cated in reference 6 for jet noise calculations.
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Climb calculations for range, time, fuel consumed, etc. were not
made in this study, but were assumed to remain constant for all airplanes
considered, except in the second part of the report where TOGW was al-
lowed to vary. In this case, climb and letdown fuel were assumed to vary
directly with TOGW. The aerodynamic data used in the mission calcula-~
tions was a schedule of cruise L/D against design Mach number. These
L/D's were assumed to be valid for a nominal engine pod diameter. As
engine pod diameter was changed from the nominal value, airplane cruise
L/D was adjusted to account for changes in nacelle friction drag. It
was assumed that wave drag changes could be largely eliminated by re-
area-ruling the airplane as the size of the engine pods changed. (This
procedure is similar teo that used in ref. 3 but is in contrast to that of
the earlier ref. 2 study in which L/D was assumed to stay fixed regard-
less of pod dimensions.)

SYMBOLS
BPR bypass ratio
Ceng cost per engine, dollars
fGL lift coefficient
Cq speed of sound, knots (n mi/hr)
D drag, 1b
Fn net thrust, 1b
FPR fan pressure ratio
L life, 1b
M Mach number-
OEW operating empty weight, 1b
OPR overall Tan and compressor pressure ratio
P total pressure, lb/ft2
R range, n mi
SWing wing planform area, ft2
SPL octave sound pressure level, dB

sfc specific fuel consumption (1b fuel/hr)/lb thrust or hr—1



T total temperature, °p
TOGW takeoff gross weight, 1b
Wa total airflow per engine, lb/éec~
end cr airplane gross weight at end of cruise, 1b
weng - installed weight of three engines;‘lb
Wg takeoff gross weight, 1b
start er airplane gross weight at start of cruise, 1b
$ pressure parameter, P/2116
8 temperature parameter, (T + 460)/519
Subscripts:
cr cruise
sls sea—le&él—static
1 'fan~iﬁlet station
2 fan discharge or inner compressor ihlet»station
3 inner compressor discharge or burner inlet station
4 turbine rotor-inlet station

METHOD OF ANALYSIS
Selection of TOGW and Airframe Weight

In the first part of the study, as in references 2 and 3, it was
desired to select a fixed airframe to hang parametric engines onto.
Range was calculated as the airplane figure of merit, as indicated by the
equation
L/D) M
(L/ >cr cr’s

)
: start cr
1n
sfc

R = 350 +

Wend cr

The first term on the right side of the equation (i.e., 350 n mi) repre-

sents the climb plus letdown range assumed for all airplanes considered.

The other term on the right side of the equation represents the range for
a Breguet cruise.
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First, it was necessary to select a reasonable TOGW and airframe
weight that would provide a range of approximately 3000 nautical miles
for a payload of 60 000 pounds (300 passengers at 200 1b each). M., was
selected to be 0,98 with a corresponding (L/D)., at 16.8. (The selec-
tion of L/D will be discussed later.) The speed of sound cg in the
stratosphere is 573.3 knots. A reasonable installed cruise sfc for a
high BPR turbofan engine is in the vicinity of 0.7 pound of fuel per
hour per pound of thrust. To evaluate the logarithm in the last term of
the above equation, both the TOGW and the operating empty weight (OEW)
are needed.

Figure 1 has been constructed from data points of reference 8 to
show the OEW as a function of TOGW for existing turbofan-powered sub-
sonic transports. In determining the TOGW and OEW combination that
will satisfy the above equation when R is 3000 nautical miles, the air-
plane was assumed to lie on the curve for "wide-body trijets'" (fig. 1).
An iterative calculation is necessary to pick the right point off the
curve to satisfy the. above equation. In the equation, the numerator of
the log term is simply ‘the assumed TOGW minus the fuel consumed in
climb up to cruise. 20 000 pounds of fuel is assumed to be used in
takeoff and climb in this part of the study. The denominator of the log
term is simply the sum of the OEW and the letdown and reserve fuel.
Letdown fuel was assumed to be 2000 pounds in this part of the report.
The reserve fuel was assumed to be 18 percent of the total fuel load.

The total fuel load was obtained by subtracting the sum of the OEW and
payload from the TOGW. After several iterations, it was found that a
TOGW of 386 000 pounds and an OEW of 220 000 pounds satisfied these
conditions. ‘

After finding the correct TOGW and OEW, it was then necessary
to subtract the installed engine weight from the OEW to find the air-
frame weight. Podded engines of existing weight technology were found
to weigh about 13 300 pounds each when sized at 40 000 pounds sea-level-~
static thrust. By subtracting the weight of three of these engines from
the OEW of 220 000 pounds, airframe weight was found to be 180 000
pounds. Airframe weight and TOGW were then fixed for the remainder of
the first part of the study where range was used as the figure of merit
as engine design parameters were varied. Range variations were obtained
because of changes in cruise M, sfc, L/D, and fuel weight. Since engine
weight changed as a function of the engine design parameters, total fuel
load was also required to change since the sum of installed engine weight
and fuel weight must remain constant. Cruise L/D varied not only with
Mach number, but also was affected by engine diameter (to be discussed
in greater detail later).

In the second part of this study, range was fixed at 3000 nautical
miles and TOGW was allowed to vary as the figure of merit. Payload
was held constant at 60 000 pounds (300 passengers), as in the first part
of the study. The airframe weight was assumed to remain a constant per-
centage of the TOGW. According to data from reference 5, airframe
weight will remain very nearly a constant fraction of the TOGW over a



considerable range of TOGW when the size of large transports is scaled
up or down. The airframe weight percentage ‘used in the second part of
the study was fixed at the 46.6-percent value obtained in the previously
described iterative calculation of the first part of the study. This
value is somewhat high in comparison with data presented in ‘reference 5,
which indicates that for current technology transports a value of 34 per-
cent is appropriate. This difference probably occurred because we iter-
ated to the vicinity of the left end of the "Wlde-body trijet" OEW-
against-TOGW curve (fig. 1). OEW at this point on the curve appears to
be somewhat high relative to that obtained if the curve labeled "narrow-
body jets" were extended to a TOGW of 386 000 pounds. ‘At any rate, it
is reasonable to pick a high value of airframe weight fraction beeause of
the higher cruise speeds to be considered in this report. Surface tem-
peratures and pressures will be higher and area rullng will be more ex-
tensive than in current transports. In addition to airframe weight, the
“climb and letdown fuel weight assumptions were also scaled directly with
TOGW.

A sketch of the concept of this study airplane is shown in figure 2.
The engines are located at the rear to provide as. clean a wing as possible
in order to achieve a hlgh cruise L/D. A sketch of a typical high-BPR,
separate—flow-exhaust turbofan engine installation follows in figure 3.
Note the acoustic lining in the inlet and duct walls for the reduction of
fan' turbomachinery noise. In addition, an inlet splitter ring concentric
with the centerbody and outer wall. is shown with sound deadening material.
More than one splitter ring may be required in some installations.
Acoustically treated radial struts in the duct may also be required in
some installationms, dependlng on turbomachinery noise reduction require-
ments and duct dimensions.

Lift-Drag Ratio

The schedule of cruise L/D against Mach number used in this study
is shown as the solid curve in figure 4. This curve is representative of
airplanes with the nominal-size engines (i.e., 80-in. diam). These L/D
ratios are adjusted by means of the nacelle drag curves shown in figure 5
when engine diameters are other than 80 inches.

The .L/D schedule for advanced technology transports (solld curve,
fig. 4) was obtained by drawing a curve through the two circled adjusted
data points. These data p01nts were ‘obtained from preliminary model test
data at NASA-Langley. The raw wind tunnel model test data was corrected
to full-scale and adjusted for the estimated effect of nominal engines
by Langley. Although the two raw data points were obtained by two differ-
ent design teams, they have been adjusted for comparison on the same
basis. The solid curve through these points represents an estimate of .
the cruise L/D that can be obtained at various Mcr s (ranging from
0.90 to 0.98) when the airplane configuration is reoptimized with regard
to wing sweepback, thickness-to-chord ratio, aspect ratio, etc. at each
M.r. It is interesting to note the 31m11ar1ty.1n the shape of this curve
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for advanced transports to that for existing transports (broken curve
through two triangular data points, fig. 4). The triangular data point
at M., = 0.80 represents the Boeing 707-320B and the one at Mgy = 0.86
represents the Boeing 747. For the same level of cruise L/D, we are
postulating a Mach number advance of almost 0.13, when compared with
existing commercial transports. At Mach 0.86, which is the approximate
upper limit in cruise speed for existing transports, the use of advanced
technology is postulated to increase L/D £from 16.6 to about 20.

As already mentioned, the cruise L/D schedule for advanced air-
planes (fig. 4) was drawn for 300-passenger airplanes with a nominal
engine diameter of 80 inches. When other engine sizes are used, a new
nacelle drag must be read from one of the curves of figure 5 and compared
with that obtained for a diameter of 80 inches. The difference multi~-
plied by the number of engines (three. fio¥ these airplanes) represents the
change in airplane drag from some reference level obtained with the nom-
inal engines. The nominal initial cruise drag was obtained by dividing
the airplane weight at. the start of cruise by the nominal L/D read from
figure 4. This drag was then adjusted by the difference just computed
and divided into the initial cruise weight to obtain the actual cruise
L/D. The nacelle drag curves of figure 5 agree with those in use by the
engine and airframe manufacturers. By far the greatest part of this
nacelle drag is due. to friction. It is assumed that when nacelle size
is changed, increases in wave drag can be area-ruled out by reconfigur-
ing the fuselage and tail in the vicinity of the nacelles.

The only aerodynamic data available at the time of this study was
the cruise L/D schedule already presented. No low-speed or climb
aerodynamics was available. The lack of such data is probably not too
important to the. overall mission calculations (e.g., total range, TOGW,
ete.), however, since only a small part of the mission, time-wise and
range-wise, was conducted at other than the cruise condition. However,
to determine the approach thrust to be used in the noise computations,
an approach L/D of 5.5 was assumed to occur at a speed of 135 knots.

Engines

Cycle calculations were made for the two-spool turbofan engines of
this study for cruise fan pressure ratios of 1.70 and 2,.25. The FPR of-
1.70 is approximately the maximum achievable with a single stage. Single-
stage fans are desirable from a machinery noise standpoint since experi-~
mental data (ref. 9) indicate that multistaging at any given FPR . in-
creases the perceived noise about 8 PNdB. Higher FPR's are desirable,
however, because they improve the airplane figure of merit (refs. 2,3).
Cruise FPR's higher than 2.25 were not considered because data pre-
sented in reference 3 indicates that more than 20 PNdB of fan machinery
noise suppression would be required to meet a 106 PNdB noise goal at the
sideline and approach measuring stations. With techniques that are cur-
rently available, it is felt that a 15-PNdB reduction in fan turbo-
machinery noise can be realized with proper suppressor design and bal-
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ance (ref. 9). A 20-PNdB reduction is thought to be a realistic, al-
though somewhat optimistic, goal to strive for in the year 1978 - the
assumed date of first flight of the airplames in this study.

Cruise bypass ratios from 0.5 to 10 and overall cruise fan and com-
pressor pressure. ratios from 20 to 52 wyere considered. Turbine rotor-
inlet-temperature T, was fixed at 2300° F during takeoff and climb up
to cruise (as in ref. 3), but the corresponding cruise T, was allowed
to vary downward from a maximum of 2200° F. Cruise T, was chosen at
each design Mach number and FPR to maximize the range of the fixed-
TOGW airplanes. I1f, however, the takeoff thrust-to-gross-weight ratio
(Fn/wg)slS fell below 0.24 (the level obtained with a fully loaded

Boeing 727-200), the cruise T, was reduced from its range-optimum
value, thus increasing the airflow required to overcome the drag en-
countered during cruise. Greater airflow was thus provided at takeoff,
too, with a consequent thrust improvement since takeoff T, was fixed.
As previously mentioned, cruise T4's greater than 2200° F were not con-
sidered because some acceleration margin in climb was needed immediately
before cruise so that time and range up to cruise could be held to
reasonable values.

Range of the fixed-TOGW airplanes was generally improved at all
cruise Mach numbers by increasing the cruise T, to the limit of
2200° F. Unfortunately, takeoff thrust was not always sufficient with
I; at the limit - especially for the lower design cruise Mach numbers.
For the single-~stage—-fan engines with a design FPR of 1.70 at cruise,
a cruise T, of 2200° F was satisfactory for design speeds of Mach 0.98
and 0.94, especially at the BPR's required for low jet noise. But at
Mach 0.90, cruise T, had to be reduced to 2100° F to have sufficient
thrust for takeoff with Tz at 2300° F. (Initial cruise altitude, an
important consideration in determining thrust lapse rate, was selected
to provide a dynamic pressure of 264 1b/ft2.) For cruise FPR's of 2.25,
a cruise T; of 2200° F was acceptable for cruise at Mach 0.98, but to
obtain sufficient takeoff thrust when M., was 0.94 it was necessary to
lower the cruise T, to 2070° F. For a design M., of 0.90, cruise T,
was reduced to 1965° F. Turbine cooling bleed chargeable to the cycle
for the high~pressure turbine was fixed at 7.5 percent of the core air-
flow, regardless of cruise temperature. (This is in agreement with the
bleed schedule of ref. 3 for a takeoff T, of 2300° F.) It was assumed
that no bleed was required for the low-pressure turbine.

All parametric engines in this study were designed for cruise and
operated off-design at takeoff. Correction factors that could be applied
to the design engine parameters to obtain their sea-level~static values
were obtained by using a component-matching computer program (refs. 10
and 11) capable of determining off-design operating points. The correc-
tion factors (i.e., the sea-level-static value divided by the cruise
value of the parameter) were plotted against cruise BPR for corrected
airflow at the face of the fan, fan pressure ratio, compressor pressure
ratio, and bypass ratio. These correction factors were found to.be rela-
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tively insensitive to overall pressure ratio except near the maximum BPR
at which the engines would run. The correction factors that were used
for a cruise FPR of 1.70 are shown in figure 6(a-d). A separate curve
was plotted for each M., and AT, (where AT, = T4sls - T4cr) combina-

tion that was used. Similar curves are shown in figure 7(a-d) for a
cruise FPR of 2,25. During the component-matching procedure at off-
design conditions, it was assumed that there was no change in exhaust
nozzle area.

One of the constraints to be examined in this report is the approach
neise at one nautical mile from the runway threshold. Engine thrust was
reduced to a low level commensurate with an assumed L/D of 5.5 at an
approach speed of 135 knots (Mach 0.203). A typical approach weight for
the 386 000-pound airplanes of the first part of the report was about
286 000 pounds. If it is assumed that the airplane angle of attack is
10° and the altitude is 370 feet (based on a 3° glide slope to the top
of a 50-ft obstacle at the end of the runway), the net thrust required is
about 12 000 pounds per engine. Further calculations show that the
approach thrust requirement is reduced about 1000 pounds per engine for
each 40 000-pound reduction in TOGW. Approach thrust is roughly equiva-
lent, therefore, to about one-third of the takeoff thrust. To determine
the engine operating parameters needed to calculate both the jet noise
and the fan turbomachinery noise during approach, the turbefan component~-
matching computer program (refs. 10 and 11) was again used. This program
uses scaled fan, compressor, and turbine maps in determining part-power
operating conditions.

At each cruise design point, the component efficiencies, pressure
losses, coefficients, etc. of reference 3 were used, as follows:

Fan .adiabatic efficiency . + +« &« ¢ o « & o« 4 o« o o« o s o « o« « « +» 0.88
Compressor adiabatic efficiency. . o + « & ¢ ¢ ¢ ¢ ¢ o o ¢ o « o & .89
Combustor efficiency « « o « ¢ ¢ « o s ¢ o o s o o o« o o o o o + « « 299
Inner turbine adiabatic efficiency . « « ¢« ¢ &« ¢« ¢+ & ¢ v v 4 4 . .91
Outer turbine adiabatic efficiency . . « v ¢ ¢ ¢ ¢« ¢« & v ¢« o« « « . .90
Inlet pPressuUre YECOVELY.s s o« o o o s o « o o o s o o s s o o o o o .98
Pressure ratio across combuSLOT. + « « o « & o 5 o o o & o o o o o .96
Total duct pressure ratio from fan discharge to nozzle . . . . . . .94
Total core pressure ratio from low~-pressure-turbine discharge

O MOZZLE: & v 4 4 s 4 s s 6 s s 6 e e s e e s e e e e e e s e .98

Exhaust nozzle thrust coefficient (both streams) . . . « « « « +« & .98

Uninstalled engine weight and dimensions were allowed to vary with
the sea-level-static BPR, OPR, and total airflow, as described by
Gerend and Roundhill (ref. 12). They have also correlated engine weight
with the year of first flight. It was assumed that the engines of this
study would first fly in the year 1978. The additional weight for in-
stallation (including inlet, nacelle, and nozzle) was assumed to be . 3.13
times the total airflow at takeoff. This incremental installation weight
is based on empirical data for existing high-BPR engines used in large
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commercial transperts.

Noise Constraints

Noise calculations were made for two measuring points, both of which
are specified in Federal Air Regulation Part 36. They were:

(1) Sideline noise measured on the ground at the angle of maximum
noise immediately after lift-off on a 0.25-nautical-mile (1520-ft) side-
line for three-engine airplanes (0.35-n mi sideline for four-engine air-
planes).

(2) Approach noise, when the airplane is one nautical mile from the
runway threshold, measured on the ground directly under the glide path at
the angle. of maximum noise. The airplanes of this study were assumed to
be at an altitude of 370 feet at this measuring station.

For airplanes with TOGW's of interest, FAR Part 36 specifies a
noise limit of 106 EPNdb for both of the above measurements. A third
measurement specified by this regulation should be made at a point
3.5 nautical miles from the start of takeoff roll on the extended runway
centerline. If the airplane altitude at this measuring point exceeds
1000 feet, the thrust may be reduced to that required for a 4 percent
climb gradient or to maintain level flight with one engine out, whichever
thrust is greater. The noise limit at this measuring station for the
TOGW's considered here is 102-104 EPNdB. This noise measurement was ig-
nored in this study because insufficient low-speed aerodynamic data were
available to investigate the tradeoffs involved in minimizing noise at
this peint. The tradeoffs involved are between constant Mach number climb
to maximum altitude. and maximum acceleration to 1000 feet before thrust is
reduced. For the three-engine airplanes which meet a sideline noise goal
in this study, it is felt that little difficulty will be involved in meet-
ing the 3.5-mile "takeoff" goal since the sideline noise is measured at
1520 feet. With four-engine airplanes, the 3.5-mile goal might be more
difficult to meet, however, because the sideline measurement is specified
at 2126 feet and is therefore easier to meet. The 3.5-mile measurement
might thus be more of a comstraint for four—engine airplanes.

Total perceived noise has two components -~ jet noise from the two
jet streams and fan turbomachinery noise. Jet noise, measured in PNdB,
was calculated by standard methods described by the Society of Automotive
Engineers in references 6 and 7. Jet noise is primarily dependent on the
exit velocities of the two flow streams, but is also affected by the gas
flow rates and the flow areas. These variables were calculated at both
Mach 0.23 (152 knots) after lift-eoff at full thrust and with thrust cut
back to the level required during the 3° approach at Mach 0.203
(135 knots). It was assumed that the overall SPL curve of reference 6
plotted against relative jet velocity could be linearly extrapolated on
a log scale to velocities below 1000 feet per second (as per data pre-
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sented in ref. 9).

Fan turbomachinery noise, also measured in PNdB, is a function of .
many things — for example, spacing between stator and reotor, tip speed,
number of stages, fan pressure ratio, thrust, and amount of nacelle
acoustic treatment. In this study, it was assumed that the engines would
‘be built with optimum stator-rotor spacing without any inlet guide vanes
in order to minimize noise. Curves presented in reference 9 relate
machinery perceived noise level to fan pressure ratio at a fixed thrust
and distance for both one- and two-stage fans. These curves were scaled
from a total airplane net thrust of 90 000 pounds and a measuring-peint
distance of 1000 feet to both the sideline and approach conditions of
this report. In addition to logarithmic thrust and distance-squared
scaling, extra air absorption due to a change in slant range (ref. 6) was
included. The curves which result for the sideline condition are shewn
in figure 8(a) for a total airplame net thrust of 114 000 pounds. The
curves which result for the approach condition are shown in figure 8(b)
for a total airplane net thrust of 36 000 pounds. These thrust levels
are typical for airplanes having a TOGW of 386 000 pounds, as was the
case in the first part of the study where range was used as the figure
of merit. But when range was reduced to 3000 nautical miles by reducing
TOGW din the second part of the study, it was necessary to correct these
turbomachinery noise readings (fig. 8) for the variation in thrust. The
sideline noise correction is plotted against total thrust from three
engines in figure 9(a). The approach fan turbomachinery noise correction
is plotted against TOGW with total thrust as an auxiliary scale in fig-
ure 9(b).

In order to determine the total perceived noise from both the jets
and the fan turbomachinery, it was necessary to add antilogarithmically
the jet and machinery sound pressure levels (SPL) in each octave. (This
procedure is described in ref. 6 for the addition of core and fan jet
noise.) To do this, it was necessary to assume a spectral distribution
of fan turbomachinery SPL as a function of frequency. Figure 10 shows
octave SPL (in dB) at a distance of 200 feet that was assumed for all
the fans considered in this study. This octave SPL was attenuated
for the inverse-square distance effect and the extra-air-absorption
effect at distances greater than 200 feet, as described in reference 6.
The distance-squared effect is the same for all octaves, but the extra
air absorption affects the higher octaves the most., The spectrum shown
in figure 10 depicts data obtained from reference 13 for a TF39 fan mod-
ified for low noise. It was assumed that the spectral distribution would .
not change significantly with power setting or acoustic treatment.

To obtain the octave SPL of the fan machinery noise, the perceived
noise level in PNdB was first obtained from the curves of figure 8. Cor-
rections from figure 9 were then applied. The amount of attenuation from
acoustic treatment, if any, was subtracted. Absolute numbers were then
arbitrarily placed on the ordinate scale of figure 10 and the fan machin-
ery perceived noise was computed by summing and manipulating the octave
SPL's thus obtained, as described in reference 6. The calculation was
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repeated by sliding the arbitrary ordinate scale of figure 10 up or down
as required in an iterative calculation until the fan perceived noise
thus calculated equaled that read from the curves of figure 8 (as modi-
fied by fig. 9 and the application of acoustic treatment). After com-
pleting this computerized iteration, machinery octave SPL was added
antilogarithmically to the combined jet SPL at each octave. Total
perceived noise was obtained by summing and manipulating all the combined
octave SPL's (as described in ref. 6).

The noise calculations made in this study are in units of PNdB. The
FAR Part 36 requirements, however, are stated in terms of EPNdB. The
EPNdB. scale (where E stands for effective) is a modification of the
PNdB scale where a correction is made to account for (1) subjective re~-
sponse to the maximum pure tone and (2) the duration of the noise
(ref. 14) heard by the observer. These modifications to the PNAB scale
were ignored in this study, since the amount of information known about
the maximum tones and directivity of the noise from these parametric
engines is rather limited. It is thought that the error intreduced by
ignering these modifications is less than the error that might occur by
making further assumptions about the noise sources. McPike (ref. 15)
takes a similar position and states that the results would be similar
using either unit.

In this study, attention was concentrated on designing cycles that
would minimize the range or TOGW penalties that occur with up to
20 PNdB of turbomachinery acoustic treatment. Noise goals as low as
92.6 PNdB were obtained with this amount of acoustic treatment. As dis-
cussed in the previous section entitled "Engines," a 20-PNdB suppression
of - fan turbomachinery noise is thought to be a somewhat optimistic -
although still realistic = goal to strive for at the time of first flight,
postulated to be in 1978. As mentioned in reference 9, it is felt that
a 15-PNdB suppression of turbomachinery noise can currently be realized
with proper suppressor design. It was assumed somewhat optimistically
in this study that neo performance losses occurred as a result of the
insertion of splitter rings in the inlet and radial splitters in the
duct, together with wall lining in the inlet, duct, and nacelle. It is
encouraging to note that tests of a 6-foot fan with acoustic treatment
which included multiple splitter rings (ref. 16) did not reveal any fan
performance losses due to the noise suppressors, within the experimental
measurement error.

Duct and inlet wall treatment and an acoustically lined splitter ring
inserted in the inlet were found in reference 17 to penalize the weight of
a.Pratt & Whitney JI3D engine about 370 pounds. Much of this weight pen-
alty is undoubtedly due to structural modification since the lining mate-
rial by itself is very light. This amount of treatment on the JT3D en-
gines of a DC8 airplane lowered the approach noise about 11 PNdB. The
addition of ome splitter to the inlet of some of the high BPR engines
of this study may not be as effective in reducing approach noise of these
engines as it was for the low-BPR JT3D because of the larger inlet
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diameter-to-sound-wave-length ratio (ref. 18). It was estimated in this
study that this type of inlet and duct treatment combined will reduc¢e the
fan machinery noise about 10 PNdB. - A 15-PNdB reduction, the maximum
demonstrated to date, can be attained only by the addition of more -
splitter rings in the inlet and probably the addition of radial splltters
in the duct as well (ref. 19).

In both references 17 and 19, the weight penalties involved more
than just treatment weight. There were structural changes to the engine .
as well. To separate the weight due to treatment and the weight due to
structure is impossible from those references alone. However, refer-
ence 20 indicates that two splitter rings weigh 150 pounds. To achieve
10 PNdB suppression in a long duct engine, the inlet needs only one ring
and the duct and inlet walls must be treated. "In this report it was
assumed that this could be done for 150 pounds on a 53-inch-diameter
engine, Of this, 75 pounds was attributed te the single splitter and
the other 75 pounds to the treatment of the duct and inlet walls. When
15 PNdB was required in this study, it was assumed that the extra inlet
ring and additional duct treatment weigh 75 pounds for a 53-inch-diameter
engine. Since most of the treatment weight is applied near the periph-
ery of the engine, treatment weight was scaled directly with maximum
engine diameter in this study. The airplane operating-empty-weight pen-
alty due to turbomachinery noise suppression used in this study is
plotted as a straight line (fig. 11) through the origin and these two
points at 10 and 15 PNdB of suppression. Engine diameter was adjusted
for this plot from 53 inches to the nominal 80-inch size more compatible
with high~BPR turbofans.

Cycle Optimization with Noise and Thrust Constraints

At each design FPR considered, once the relation between cruise
and sea-level-static T, has been established, a "thumbprint" plot sim-
ilar to the sketch of figure 12(a) can be made for a spectrum of design
BPR's and OPR's. TOGW was fixed in. the cycle optimization part of the
study and total range was used as the airplane figure of merit. Contours
of censtant range are shown in the figure with Rp > Rg > Rg > Rp. A
thrust limiting line (i.e., (Fn/Wg) = 0.24) is shown below which a

takeoff thrust will be unsatlsfactory. Broken lines of constant sideline
jet noise (for the combined fan and core streams) are also shown, with
the lowest lines representing the highest noise levels. Four engine
cycles (i.e., points A, B, C, and D) are selected from the "thumbprint"
plot for further analysis with respect . to total noise (i.e., jet plus

fan turbomachinery) and the range penalty involved with acoustic treat-
ment. (The range contours shown on the "thumbprint'" plot were computed
for no acoustic treatment penalty.) Engines A, B, C, and D were selected
because they produce the maximum range that can be obtained at each of
four selected levels of sideline jet noise (i.e., the jet noise curves
are tangent to the range contours at these points).
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A plot like figure 12(b) is next constructed to show the relation
between total approach noise and total sideline noise for different
levels of turbomachinery noise suppression. These noise levels were ob-
tained by adding antilogarithmically, octave-by-octave, the machinery
noise and the combined jet noise as described in the preceding section
entitled "Noise Constraints." Calculations were made with 0, 10, 20,
and 30 PNdB of turbomachinery noise suppression assumed. Lines of con-
stant BPR are also shown in this sketch. A noise goal represented by
point X 1is postulated such that approach and sideline noise are equal.
By interpolation, it appears from figure 12(b) that the noise goal can.
be achieved with about 16 PNdB of turbomachinery noise suppression.

A plot like figure 12(c) is next constructed to show range as a
function of total sideline noise at various levels of machinery noise
suppression. The range obtained from the "thumbprint" plot is adjusted
by means of figure 11 to account for the range penalty due ‘to turboma-
chinery noise suppression in figure 12(c). If this plot is entered with
the total sideline noise goal of figure 12(b), point X can be located at
the intersection of this noise line with the curve representing 16 PNdB
of suppression. Incidentally, for this particular sideline noise, fig-
ure 12(c) shows that the suppression can be increased from 16 to 20 PNdB
with practically no range penalty. If it is, in fact, possible to obtain
a suppression of 20 PNdB by the year 1978, it would be beneficial to in-
crease the suppression to this level because the sketch of figure 12(b)
shows that this will reduce the approach noise by what may be a signifi-
cant amount.

Cost Estimation

Direct operating cost was computed for selected engines of interest
by the standard ATA formula (ref. 4). Since neither range nor TOGW as
figures of merit reflect the importance of block time changes with cruise
Mach number, DOC probably serves as a better comparative index. It re-
flects the importance of these block time changes in economic terms. Un-
certainties of airplane pricing at this preliminary stage of development
make the computational accuracy of DOC in terms of absolute numbers
somewhat - doubtful. The relative merits of the airplanes studied can,
however, be compared with some confidence on a DOC basis. 1In this
study, airframes were assumed to cost $72 per pound (based on data from
ref. 5 for current airplanes).  Acoustic suppression for turbomachinery
noise was also assumed to cost $72 per pound. Engine price was assumed
to be a function of sea-level-static corrected airflow and is computed as

— 0.35
(Wav81/871)
¢ =1.2x10° sls

eng 1300

This cost variation with airflow is based on empirical data adjusted to
reflect the typical cost of a high-BPR turbofan such as those used to
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power the new wide-body trijets. Later, the assumed airframe and engine
costs were increased by 50 percent to see what the effect would be on
both the overall level of DOC and the relative comparison of the var-
ious airplanes. In all of the DOC computations, the domestic economic
ground rules of reference 4 were used.

RESULTS AND DISCUSSION
Cycle Optimization with Fixed TOGW and Variable Range

"Thumbprint' performance plots. — A "thumbprint" plot is shown in
figure 13(a) for a series of engines designed to cruise at Mach 0.98 with
a fan 8ressure ratio of 1.7. The cruise T, was arbitrarily chosen to
be 200" F less than the takeoff T, everywhere on this plot. Notice
that for the fixed TOGW of 386 000 pounds the range maximizes at
3340 nautical miles at a cruise BPR between 0.4 and 1.0. Optimum
cruise OPR's lie between 36 and 44. Unfortunately, as the plot shows,
there is not enough takeoff thrust and sideline jet noise is much too
high at the peak range. To reduce the sideline jet noise to "floor"
levels that are likely to be acceptable (i.e., below 106 PNdB), cruise
BPR must be increased to a value of 5 or more with a range penalty of
at least 100 miles. (Fn/Wg)Sl is increased to values of 0.33 or more
by so doing, whereas it is pos%ulated that 0,24 will be sufficient. In
other words, to achieve the levels of sideline jet noise that are re-
quired, airflow in excess of that required for adequate takeoff thrust
is obtained when T, at cruise is reduced 200° F from the takeoff and
climb setting.

If the cruise T4 is raised 100° F, the engines will be smaller
and the takeoff thrust level should be closer to the limiting line at
sideline jet noise levels of interest. As can be seen in figure 13(b),
this is indeed the result that was obtained when the cruise T, was
raised to 2200° F (only 100° F less than the takeoff T4). Not only did
the maximum achievable range increase as cruise T, was increased, but
the optimum BPR increased to the vicinity of 3. Thrust is adequate
at this point because the (Fn/wg)sls limiting line falls below the con-
tour of maximum range. To obtain"d sideline jet noise "floor" of
106 PNdB, the cruise BPR must be raised to about 5. A range penalty
of only about 35 miles is involved by so doing when the cruise OPR is
40, If a jet noise "floor" of 96 PNdB is desired, BPR must be raised
to 6, where the range penalty is about 65 miles. Although more than .
enough takeoff thrust is available, as discussed earlier it would be
dangerous to raise the cruise T, still more because this would make
climb acceleration very marginal as cruise is approached. Although the
optimum cruise OPR appears to occur at a value of about 40 because of
the lightweight engine technology assumed, lower values can be chosen
without much range penalty. (It is possible that either compressor de-
sign considerations or nitrogen oxide pollution control might cause a
design OPR of about 30 to be selected.)
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For cruise at Mach 0,94 with a fan pressure ratio of 1.7, range
maximizes near both the thrust limiting line and the sideline jet noise
levels of interest (fig. 13(c)) when the cruise T, is raised to within
100° F of the takeoff T4 Practically no range penalty is involved in
meeting sideline jet noise levels of 96 PNdB. Less than a 40-mile pen-
alty is involved in modifying the cycle to meet an 86-PNdB sideline jet
noise level. It is interesting to note the maximum range attainable at
Mach 0.94 is 575 nautical miles greater than that obtained at Mach 0.98,
as may be seen by comparing figures 13(b) and (c). For a sideline jet
noise "floor" of 96 PNdB, a 640-nautical-mile improvement can be ob-
tained by designing for cruise at Mach 0.94 instead of Mach 0.98. Opti-
mum BPR and OPR at these noise levels is about the same for elther
Mach number.

Figure 13(d) is plotted for cruise at Mach 0.90 with a fan pressure
ratio of 1.7. In order to obtain sufficient takeoff thrust with engines
sized for this cruise condition, it was necessary to reduce the cruise
T, to 2100° F for a fixed takeoff T, of 2300° F. The maximum range
island of 4194 nautical miles falls slightly below the limiting thrust
line, but the range penalty involved in meeting the thrust limit is
very slight. The sideline jet noise curve of 96 PNdB very nearly coin-
cides with the thrust limiting curve. A further penalty of only about
40 miles is involved in increasing the BPR so that a sideline jet
noise "floor" of 86 PNdB is met. By comparing figure 13(d) with fig-
ure 13(c), it may be seen that about 200 miles more range may be obtained
when cruise speed is reduced from Mach 0.94 to Mach 0.90 with FPR fixed
at 1.7.

A cruise fan pressure ratio of 2.25 is considered in the next three

"thumbprint" plots (fig. 13(e-g)). A cruise speed of Mach 0.98 is con-
sidered first in figure 13(e). A variation of cruise T, with takeoff
T, fixed at 2300° F showed that range was maximized by selecting a
cruise T, of 2200° F. When the maximum range island of this "thumb-
print'" plot is compared with that for an FPR of 1.7 (fig. 13(b)), it

is seen that an increase of 335 nautical miles is realized at the higher
FPR. For the design parameters required to obtain a sideline jet noise
level of 96 PNdB, a similar comparison shows a range increase of about
390 miles instead of 335 miles. At this higher TFPR, the 96 PNdB side-
line jet noise curve almost intersects the maximum range island. For the
lower FPR (fig. 13(b)), however, there was a range penalty involved in
obtaining a jet noise "floor" of 96 PNdB. It is also well to notice in
comparing the two 'thumbprints' that lower design BPR's are obtained at
any given level of sideline jet noise as FPR 1is increased. This is
because at any given BPR more specific work must be done by the turbine
to drive the fan with the higher FPR. Thus, less energy is left in the
gas downstream of the turbine and jet exhaust velocity (the most impor-
tant jet noise variable) is reduced at the higher FPR.

A cruise speed of Mach 0.94 is considered next in figure 13(f) for
a design FPR of 2.25. To have enough takeoff thrust with T, at
2300° F, it was necessary to reduce the cruise T, to 2070° F. The
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thrust limiting line almost touches the island of maximum range for this
cruise T4. Cruise OPR optimizes at a slightly lower value than in the
previously discussed thumbprints. A sideline jet noise of about 99 PNdB
is obtained at the thrust limiting line. By comparing these results with
those of figure 13(e), it may be seen that a range improvement of more
than 400 miles is obtained when cruise speed is reduced from Mach 0.98 to
0.94 at an FPR of 2.25. A range improvement of about 200 miles occurs
when FPR dis increased from 1.70 to 2.25 for cruise at Mach 0.94, as a
comparison with the thumbprint of figure 13(c) will show.

In figure 13(g) a thumbprint plot is shown for a Mach 0.90 cruise
with an ‘FPR of 2.25. To increase the takeoff thrust to acceptable
levels with T, at 2300° F, it was necessary to reduce the cruise Ty
to 1965° F. With this sizing criterion, it was necessary to move less
than 100 miles away from the island of maximum range (4350 n mi) to reach
the thrust limiting line. Lower cruise T,'s would have lowered the
limiting (Fn/Wg)slS line relative te the maximum range island, but this

island would have had a lower value. Hence, the range tradeoff is about
equal but the selected T, gives a slightly lower sideline jet noise.

A sideline jet noise of 98 PNdB is obtained at the intersection of the
thrust limiting line and the line of optimum cruise OPR (i.e., OPR = 32).
A comparison with the previous thumbprint (fig. 13(f)) shows that range
can be increased by about 85 miles at the thrust limiting line by reduc-
ing the cruise speed from Mach 0.94 to 0.90 for a cruise FPR of 2.25.
A comparison with the Mach 0.90 thumbprint for an FPR of 1.7

(fig. 13(d)) shows that raising the cruise FPR to 2.25 increases the
range only about 90 miles at the optimum OPR on the thrust-limiting
line. At the higher Mach numbers a greater range increase occurred over
this rise in FPR. Hence, even without any consideration of fan machin-
ery noise, the desirability of the higher FPR becomes less apparent as
cruise speed is reduced. '

Range penalty for reduction of combined jet and fan turbomachinery
noise. ~ As previously discussed in "Method of Analysis" in connection
with figure 12(a-c), optimum cycle points are next selected from the fore-
going "thumbprints" in order to evaluate the range penalty that must be
paid for different amounts of noise reduction. Figure 14(a) summarizes
the results of this exercise for a cruise FPR of 1.70. Range with a
penalty included for the weight of the turbomachinery noise suppressors
is plotted against the total combined noise at either the sideline or the
approach condition, whichever is greater. Three curves are shown - one.
for each of the cruise Mach numbers considered. The right-hand end of
each curve represents the optimum cycle meeting the thrust constraint
from one of the "thumbprint" plots. No acoustic suppression has been
applied at these points and the ranges plotted here therefore agree with
those from the corresponding thumbprints. At each of the three cruise
speeds considered, it is seen from figure 14(a) that the optimum engines
for this FPR can meet a noise goal of only about 114 PNdB. For the
Mach 0.98 airplane unconstrained by noise, total noise is about the same
at both the sideline and approach measuring stations. It is dominated
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by jet noise at the sideline condition and machinery noise at the approach
condition. As cruise speed is reduced, approach noise exceeds sideline
noise - by as much as 8 PNdB for the Mach 0.90 airplane.

As the noise goal is reduced by proceeding to the left in fig-
ure l4(a), the design BPR is increasing at the same time that turbo-
machinery acoustic treatment is being added. As the noise goal is re-
duced, the suppressed sideline and approach noise levels become equal at
some point. This occurs almost immediately for the Mach 0.98 airplanes,
but does not occur until a noise goal of 104 PNdB is reached for the
Mach 0.94 airplanes. It occurs at a noise goal of 95 PNdB for the
Mach 0.90 airplanes.

At the left-hand end of the curves, 27 to 30 PNdB of turbomachinery
noise suppression is required. Also shown intersecting the three Mach
number curves of figure 1l4(a) is a limiting line for 20 PNdB of turbo-
machinery noise suppression. As previously mentioned, 20 PNdB of fan
machinery noise suppression is an optimistic goal to strive for, but ome
which hopefully can be met by the postulated year of first flight - 1978.
Notice that with 20 PNdB suppression noise goals from 93 to 96 PNdB can’
be met at this design FPR.

Figure 14(b) shows the effect of various amounts of turbomachinery
noise suppression for engines with a cruise FPR of 2.25, Again, the
right-hand and points of the three curves represent the optimum cycle
points without any suppression with the constraint that (Fn/wg)sls 2 0.24.

With no suppression, it 1is seen that noise levels as high as 125 to

126 PNdB are obtained. Approach noise exceeded the sideline noise at all
levels of suppression considered on this plot. With noise unsuppressed,
the fan machinery noise exceeds the jet noise at both noise measuring
stations regardless of design Mach number. As the amount.of suppression
is increased (i.e., proceeding to the left in fig. 14(b)), machinery
noise eventually reaches the level of the jet noise. Unlike the case
with an FPR of 1.70, however, BPR is not increased as the noise goal
is reduced. It was found that with an FPR of 2.25 the range decreased
as BPR was increased without a significant reduction in total noise.
(Total noise was generally dominated by machinery noise, which is unaf-
fected by BPR.) Hence, the best tradeoff was to keep the engine cycle
parameters fixed as more machinery noise treatment was added.

The points at the left-hand end of the curves of figure 1l4(b) repre-
sent results that could be obtained if it were possible to suppress ma-
chinery noise by 30 PNdB. If we strive for a goal of 20 PNdB of sup-
pression, the limiting line shows that goals of 106 to 108 PNdB of
approach neise can.be obtained, depending on design cruise Mach number.
If the trades of FAR Part 36 are permitted, the goals that are met can
be said to be 2 PNdB lower than these values since noise measured at the
sideline station is more than 2 PNdB less than the approach noise. (With

20 PNdB of suppression, sideline noise is 6 to 7 PNdB less than approach
noise.)
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Results from figures 14(a) and (b) have been tabulated in table I
to show how range is affected by higher design fan pressure ratio. The
results are tabulated first for no noise constraint and then for noise
goals of 106 and 96 PNdB with acoustic treatment. Data are shown for
each of the three cruise speeds considered. No data are shown for cases
where more than the assumed maximum limit of 20 PNdB of turbomachinery
noise suppression was required to meet a given noise goal. It is appar-
ent from the last column of the table that it becomes increasingly more
desirable from the range standpoint to increase the design FPR as
cruise speed is increased. At the low end of the cruise Mach number
spectrum, lower design FPR's can be specified for lower noise with very
little range penalty. (At the FPR of 1.70 the noise goal can be re-
duced from 106 to 96 PNdB with only a 40- to 66-mile range penalty, re-
gardless of cruise speed.)

Results with 20 PNdB of turbomachinery noise suppression ~ In fig-
ure 15(a) range is plotted against cruise Mach number for noise goals of
106 and 96 PNdB. Data for the 106 PNdB curve was taken from figure 14(b)
for the two-stage fans with an FPR of 2,25, Data for the 96 PNdB
curve was taken from figure 14(a) for the single-stage fans with an FPR
0of 1.70. These noise goals were selected for further scrutiny because
they can be achieved with approximately 20 PNdB of turbomachinery noise
suppression at the FPR's under consideration. Lower noise goals at these
FPR's would require more suppression than is likely to be achievable by
the time the plane is postulated to be introduced. If curves for lower
noise goals were to be plotted in figure 15(a) and still be compatible
with the two curves shown, it would be necessary to obtain additional
data for design FPR's lower than 1.7.

Figure 15(a) emphasizes the increase in range possible by reducing
the cruise speed from Mach 0.98 to 0.90. The range improvement that is
obtained by reducing speed is especially evident with the curve for the
96 PNdB noise goal. At this goal, the range can be increased by about
800 nautical miles by this reduction in cruise speed. 1If the speed re~-
. duction is halved to Mach 0.94, range can be increased by 600 miles over
its value at Mach 0.98. The range improvement that can be obtained by
these reductions in cruise speed is not quite as great at the higher
noise goal of 106 PNdB. For this goal, a range increase of only
500 nautical miles was possible by decreasing the design cruise speed
from Mach 0.98 to 0.90. If the speed reduction was halved to Mach 0.94
for this noise goal of 106 PNdB, 80 percent (400 n mi) of this range
improvement can be retained.

It is also apparent from figure 15(a) that there is a range penalty
involved in reducing the noise from 106 to 96 PNdB. This range penalty
decreases from 400 nautical miles at Mach 0.98 to less than 100 miles
at Mach 0.90. At Mach 0.94, there is a 200-mile range penalty involved
when the cycle is optimized for 96 PNdB instead of 106 PNdB with 20 PNdB
of machinery noise suppression.
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In figure 15(b) the optimum cruise bypass ratios are shown as a
function of cruise Mach number for noise goals of 106 and 96 PNdB. BPR
optimizes in the vicinity of 4 at all values of M., £for the 106 PNdB
noise goal. For the 96 PNdB noise goal, BPR optimizes at about 6.

In figure 15(c) the optimum cruise overall compressor pressure
ratios are shown to vary from 32 to 36 for the 106-PNdB noise goal. For
the 96-PNdB noise goal the optimum OPR's are somewhat higher and vary
from 36 to 4l. As can be seen by referring to the "thumbprint" plots,
however, OPR is not a strong optimum and can be reduced to the vicinity
of 30 without any significant adverse effect on range. This reduction
may- be required to curtail nitrogen oxide emissions. OPR optimized at
rather high values in this study because of the advances that were as-
sumed to occur in engine weight technology by the year 1978. Higher
OPR's, therefore, did not cause great increases in engine weight in this
study. More conservative engine weight assumptions would have caused
engine weight to rise faster with OPR, with the result that the optimum
OPR's would have been lower.

In figure 15(d) it is shown that the takeoff thrust-to-gross-weight
ratio increases from the minimum of 0.24 for the lower cruise speeds to
values as high as 0.31 for a cruise speed of Mach 0.98 with a noise goal
of 96 PNdB. It will be recalled that the cruise (design) T; was ad-
justed with the takeoff T, fixed to obtain an (Fn/Wg)Sls of not less

than 0.24. (The three-engine Boeing 727-200 has this value of (F,/W
when fully loaded.) The fact that (Fp/Wg)

8)sls
> 0.24 for the Mach 0.98
sls

cruise cases reflects that the cruise T, has been adjusted upward to
its maximum permissible value of 2200° F (i.e., 100o F less than the
fixed takeoff T, of 2300° F). To have obtained values of (Fn/Wg) 14

closer to 0.24 would have required raising the cruise T, beyond

2200° F, thus violating one of the study ground rules. Such a rise in
cruise T, with takeoff T, held fixed would make the climb thrust too
marginal as cruise is approached.

The cruise T,'s that optimized performance are plotted against Mach
number in figure 16(e). For the 106-PNdB noise goal, it is seen that the
cruise T, rises linearly from 1965° F at Mach 0.90 to 2200° F at
Mach 0.98 when the takeoff T, is fixed at 2300° F. For the 96-PNdB
noise goal, the cruise T, optimizes at 2100° F at Mach 0.90 and in-
creases linearly to 2200° F at Mach 0.94 where it meets the aforemen-
tioned constraint for thrust margin. Beyond Mach 0.94 the cruise T, is
restricted to 2200° F, although range would probably have improved if
higher temperatures had been allowed.

Figure 15(f) shows the sea-level-static corrected airflow required
for each of the optimized engines with airplane TOGW fixed at 386 000
pounds. For the engines optimized to meet the 106-PNdB noise goal, these
airflows varied from 840 to 950 pounds per second. Airflows varying from
1030 to 1360 pounds per second were required to meet the 96-PNdB noise
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goal. The corresponding engine maximum diameters are shown in fig-

ure 15(g). For the optimum engines meeting the 106-PNdB goal, the max-
imum diameter is about 70 inches. To meet the 96-PNdB goal, the engine
maximum diameters must be increased to 80 to 90 inches.

The next figure (fig. 15(h)) shows the variation of both sideline
and approach noise with M., for the two noise goals under consideration.
The solid curves represent sideline noise and the broken curves represent
approach noise. The figure shows that at the nominal 106-PNdB goal, the
approach noise ranges from 106. to 108 PNdB, depending on M.,. The cor-
responding sideline noise varied from 100 te 102 PNdB. (As previously
discussed, the ground rules of FAR Part 36 permit an excess of up to
2 PNdB at one measuring station if a corresponding reductien can be ob-
tained at another measuring station.) For the 96-PNdB goal there was.
very little difference between the sideline and approach noises.

. Direct operating cost. - DOC is shown plotted in figure 16(a) for
the range-optimized engines with a cruise FPR of 1.70. The DOC
points plotted in this figure correspond to the range points plotted in
figure 14(a). Whereas range was maximized by choosing an M., of 0.90,
figure 16(a) shows that the best DOC was obtained with an Mg, of
0.94. Although the range was less at Mach 0.94 than at Mach 0.90, the
greater block speed at Mach 0.94 counteracts this effect in the DOC
calculations.

Similar DOC results are shown in figure 16(b) for the range-
optimized engines with a cruise FPR of 2.25. The DOC points plotted
in this figure correspond to the range points plotted in figure 14(b).
Here, again, DOC. is best at a cruise Mach number of 0.94 while range
was greatest at Mach 0,90. However, because the range penalty involved
in increasing M., to 0.98 is not as great at the higher FPR, the DOC
at Mach 0.98 is better than it is at Mach 0.90. With an FPR of 1.70,
the reverse is true -~ that is, the DOC's at Mach 0.98 are worse than
they are at Mach 0.90.

DOC data from figures 16(a) and (b) has been replotted against
cruise Mach number in figure 17 for noise goals of 96 and 106 PNdB.
These DOC curves are analogous to the range curves of figure 15(a).
The curves of figure 17 show clearly that the best (i.e., lowest) DOC's
are obtained at cruise speeds of about Mach 0.94. At Mach 0.94 the DOC
increases by only 0.014 cent per seat-statute-mile when the noise goal
is reduced from 106 to 96 PNdB. If the cruise speed is increased to
Mach 0.98, the DOC increases by 0.023 cent per seat-mile at the 96-PNdB
noise goal. At the 106-PNdB noise goal (where the FPR is higher), the
economic penalty of increasing the cruise speed to Mach 0.98 is not
nearly as great. Here, the increase in DOC is only 0.0065 cent per
seat-statute-mile.
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Calculation of TOGW for Previously Optimized
Cycles When Range is Fixed

The engine cycles which were previously optimized on a range basis
are reevaluated in terms of TOGW in this section of the report for a
fixed range of 3000 nautical miles. The airframe weight was assumed to
be a constant percentage of the TOGW in these calculations. The pay-
load was again held constant at 300 passengers. Engine airflows, diam-
eters, and weights were recomputed on the basis of the different thrust
levels required at the lower TOGW's. (Since ranges greater than
3000 miles were obtained for the optimum cycles when TOGW was fixed at
386 000 pounds, the TOGW's calculated in this section will all be less
than this amount.)

TOGW penalty for reduction of combined jet and fan turbomachinery
noise. — Figure 18(a) shows how TOGW varies with noise goal at the
three cruise speeds under consideration when the FPR is fixed at 1.70.
This figure is analogeous to figure 1l4(a), except that TOGW has been
substituted for range as the ordinate. From figure 18(a), it appears
that there is very little increase in TOGW when the noise goal is re~
duced at cruise speeds of Mach 0.90 to 0.94. But when cruise ‘speed is
increased to Mach 0.98, the increase in TOGW becomes more severe as
noise goal is reduced.

Figure 18(b) shows the variation.of TOGW with noise goal when
cruise FPR is fixed at 2.25. This figure is analogous to figure 14(b)
with TOGW substituted for range as the ordinate. It appears from fig-
ure 18(b) that there is very little increase in TOGW associated with
reducing the noise goal for any of the design cruise speeds considered.

Results with 20 PNdB of turbomachinery noeise suppression. - In fig-
ure 19(a) TOGW - is plotted against cruise Mach number for noise goals of
106 and 96 PNdB. Data for the 106 PNdAB curve was taken from figure 18(b)
for the two-stage-fan engines with an FPR of 2.25. Data for the
96 PNdB curve was taken from figure 18(a) for the single-stage-fan en-
gines with an FPR of 1.70. These neise goals were selected for further
scrutiny because they can be attained with approximately 20 PNdB of tur-
bomachinery noise suppression. Figure 19(a) is analogous to figure 15(a)
with TOGW substituted for range as the ordinate. Figure 19(a) empha-
sizes the significant increase in TOGW that is required when cruise
speed is increased from Mach 0.94 to 0.98. This increase is especially
significant for the 96-PNdB noise curve. The figure shows that at the
lower Mach numbers (up to Mg, = 0.94) there is only a modest rise in the
TOGW requirement for a noise goal of 96 PNdB as opposed to 106 PNdB. At
Mach 0.94 a TOGW of 267 000 pounds is required to meet a noise goal of
106 PNdB. A TOGW of 281 000 pounds is required to meet a noise goal of
96 PNdB at the same speed. Figures 15(b-e) show some of the character-
istics of the optimum cycles which are independent of size. Fig-
ures 19(b-d) show the size-related characteristics for the engines used
in the airplanes of figure 19(a).




24

Direct operating cost..— DOC is shown plotted in figure 20(a) for

the optimum engines with a cruise FPR of 1.70 with range fixed at

3000 nautical miles., The DOC points plotted in this figure correspond
to the TOGW .points plotted in figure 18(a). The DOC penalty associ-
ated with increasing the cruise speed from Mach 0.90 to 0.94 is so slight
that it could well be ignored. The penalty involved in raising the
cruise speed to Mach 0.98, however, might be significant (just under

0.09 cent/seat-s-mi at a noise goal of 96 PNdB).

Similar results are shown in figure 20(b) for optimum engines with
a cruise FPR of 2.25 with range fixed at 3000 miles. These DOC points
correspond to the TOGW's plotted in figure 18(b). At this higher FPR
there does appear to be some economic benefit to cruising at Mach 0.94
instead of Mach 0.90. Also, raising the cruise speed to Mach 0.98 is not
quite as severe a penalty DOC-wise as it was at the lower FPR, relative
to the DOC's obtained at the lower cruise speeds.

DOC- data from figures 20(a) and (b) have been replotted against
cruise Mach number as the solid curves in figure 21(a) for noise goals
of 96 and 106 PNdB. These 3000-mile -DOC curves are analogous to the
TOGW curves of figure 19(a). For comparison, the DOC curves for a
constant TOGW and variable range (fig. 17) have been replotted in fig-
ure 21(a) as the broken curves. By comparing the two sets of curves it
is seen that the reduction in TOGW that was accomplished by fixing the
range at 3000 nautical miles lowered the level of DOC generally and
accentuated changes resulting from increments in cruise Mach number or
noise goal reduction.

The large difference between the solid curves and the broken curves
at Mach 0.94 and below results from the fact that TOGW was calculated
to be more than 100 000 pounds less when range was fixed at 3000 miles.
The reduced TOGW was partly due to the assumption that airframe weight
fraction should remain constant for scaled similar airplanes. Actually,
the airplanes were not entirely similar after fixing the range. and reduc-
ing the TOGW because the number of passengers and, hence, fuselage
dimensions were fixed. This nonsimilarity may cause the airframe weight
fraction to increase slightly as TOGW is reduced. Airframe weight
fraction should probably be increased an additional amount as range is
reduced because of the greater number of takeoff and landing cycles in a
shorter-haul operation in a given period of time. A strengthening of the
structure would probably be required to provide fatigue life equivalent
to that of the longer-range airplanes. Such considerations were ignored
in this simplified analysis and contribute to what appears to be a wide
displacement between the solid and broken curves of figure 21(a). The
DOC's of both sets of curves, however, appear to minimize near the middle
of the range of cruise speeds studied. For the fixed range of 3000 miles,
the DOC actually minimized at Mach 0.94 for the 106-PNdB goal and
Mach 0.92 for the 96~PNdB goal. But very little increase in DOC is
introduced by raising the cruise speed to Mach 0.94 for the 96-PNdB noise
goal and Mach 0.95 for the 106-PNdB noise goal. At these speeds, DOC 1is
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increased by only about 0.02 cent per seat-statute-mile when the noise
goal is reduced from 106 to 96 PNdB. This does not seem to be a very
large economic penalty to pay for a 10 PNdB reduction in noise. TIf the
cruise speed is increased to Mach 0.98, the DOC increases by about

0.08 cent per seat-mile at the 96 PNdB noise goal, relative to its values
for a Mach-0.94 cruise. At the 106-PNdB goal, the DOC rises by only
about 0.03 cent per seat-mile when speed is increased to Mach 0.98.

The airplane prices obtained by the procedure discussed in the
"Method of Analysis" ranged from $12 to 14 million for the optimum cases,
depending on cruise speed. These prices were estimated on the basis of
present-day airframe and engine costs, but may be somewhat low for ad~-
vanced technology airplanes selling in 1978. Hence the DOC calcula-
tions were repeated with a 50 percent increase in airframe and engine
costs assumed. The results are shown in figure 21(b) and show a slightly
greater penalty for reducing the noise from 106 to 96 PNdB. The penalty
for increasing the cruise speed to Mach 0.98 is also somewhat higher.

The DOC at the "bucket'" of the 106-PNdB curve rose from 0.484 to 0.602
cent per seat-mile because of the 50-percent rise in airplane price. ‘At
the 96-PNdB noise goal, the DOC rose from 0.504 to 0.631 cent per seat-
mile at the "bucket" because of the increase in airplane price. These
DOC's at the higher airplane prices are comparable to those obtained

with the DC8-61 with 251 seats. The selling price of a DC8-61, however,
was less than half that of the advanced technology airplanes. This indi-
cates that the advanced technology airplanes operate more efficiently and
by so doing tend to negate their initial cost disadvantage. At the same
time, the advanced technology airplanes will be considerably more quiet.

DOC, of .course, does not present the entire economic picture. It
does not, for instance, show how load factor might be affected by the
introduction of competing airplanes designed for higher cruise speeds.
Hence, -although the lowest DOC's occur at design speeds between Mach 0.92
and 0.94, load factor (and, therefore, profitability) could be adversely
affected by the introduction of faster airplanes if block times are sig-
nificantly reduced. For this reason, the block time difference between
Mach 0.98 and 0.94 airplanes has been plotted against total range in fig-
ure 22. The block time difference is 11.5 minutes for the range con-
sidered in this study (i.e., 3000 n mi). It is unknown whether such a
time difference would prove to be too much of a competitive disadvantage
for the Mach 0.94 airplanes if they were threatened with competition from
airplanes designed for Mach 0.98. Actually, a range of 3000 nautical
miles is more than would normally be encountered on domestic United
States routes. The range from New York to San Francisco (2235 n mi)
might more typically represent a long-range domestic flight. The block
time difference between Mach 0.94 and 0.98 at this range is only about
8.3 minutes. When block times are considered, however, it does seem
worthwhile to increase the design speed to a point just to the right of
the "bucket" of the DOC curves of figures 21(a) and (b) since so little
penalty in DOC dis involved by so doing. With this criterion, a good
cruise speed selection might be Mach 0.95 for the 106 PNdB noise goal and
Mach 0.94 for the 96 PNdB noise goal.



26
CONCLUDING REMARKS

A parametric study was made of a group of separate-flow-exhaust
turbofan engines for use in advanced technology airplanes designed for
cruise speeds ranging from Mach 0.90 to 0.98. Tnitial cruise altitudes
ranged from 36 449 feet at Mach 0.90 to 40 000 feet at Mach 0.98, A
schedule of cruise lift~drag ratio against Mach number compatible with
airplanes using the Whitcomb supercritical wing was chosen. All air-
planes in this study embodied area-ruled fuselages capable of seating
300 passengers. Three aft-mounted engines of advanced, lightweight tech-
nology were used for all the study airplanes. Combined jet and fan
machinery noise calculations were made for selected cycles at both the
sideline and approach measuring stations specified by FAR Part 36. Vary-
ing amounts of acoustic treatment were applied to the inlet, duct, and
nacelle to obtain different levels of turbeomachinery noise.

The engine parameters of bypass ratio, compressor pressure ratio,
cruise turbine rotor-inlet temperature, and airflow were optimized at
cruise fan pressure ratios of 1.70 and 2.25. The takeoff turbine rotor-
inlet temperature was fixed at 2300° F. The FPR of 1.70 is a conserv-
ative upper limit of pressure ratio for a single-stage fan. Single-
stage fans are desirable from a machinery noise standpoint since experi-
mental data indicate that multi-staging at any given FPR increases the
perceived noise about 8 PNdB. Higher FPR's are desirable, however, be-
cause they improve the airplane figure of merit. TFPR's higher than 2.25
were not. considered because of the greater difficulty of suppressing fan
machinery noise to a given level.

It was found that approach noise for the acoustically untreated
engines varied from 114 to 126 PNdB. Sideline noise for these engines
varied from 104 to 115 PNdB. FAR Part 36 requires that these noise
levels be 106 EPNdB or less for the takeoff gross weights considered
here. (In this report, the PNdB scale is used instead of the EPNdB scale
to simplify the calculations; the error introduced by so doing is probably
less than that which would be introduced by making further assumptions
required about directivity and maximum pure tones that are needed for the
EPNAB calculation.) The machinery noise was the prime offender for most
of these untreated engines -~ the exception being the noise of the low-FPR
engines designed for Mgy 2 0.94, measured at the sideline station. Ob-
viously, then, acoustic treatment of the inlet-duct-nacelle combination
and/or cycle modification is required to bring the noise under control.

For the optimized engines with a design FPR of 2.25, the jet noise
"floor" was so low that cycle modifications were not required to reduce
the noise level to 106 PNdB. About 20 PNdB of acoustic treatment (i.e.,

! the addition of concentric acoustically lined inlet splitter rings and
wall lining for the inlet, duct, and nacelle) was required. For the
single-stage fans (FPR., = 1.70), however, cycle modifications were re-
quired in many cases, at the same time that turbomachinery acoustic
‘treatment was applied, in order to optimize the cycle at each noise level.
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With 20 PNdB of turbomachinery acoustic treatment, noise goals of 92 to.
96 PNdB can be met with the lower FPR, depending on the M., which is
chosen. (20 PNdB of turbomachinery noise suppression requires some ad-
vancement of technology; to date, the maximum demonstrated suppression
is 15 PNdB.)

Cruise bypass ratio optimized at about 4 for the engines having an
FPR of 2.25. Overall fan and compressor pressure ratio ranged from
32 to 36 over the spectrum of cruise speeds considered here. Optimum
cruise bypass ratio for the single-stage fan engines (FPR,, = 1.70)
ranged from 4 to 6, depending on cruise speed and amount of suppression.
For 20 PNdB of suppression, BPR optimized at about 6, regardless of
cruise speed. For 20 PNdB of suppression, the overall fan and compressor
pressure ratio optimized over a range from 36 to 41, depending on cruise
speed. Overall pressure ratio, however, does not strongly influence the
airplane figure of merit. (e.g., TOGW or DOC) and can be reduced to
levels of 25-30 without significant adverse effect. (Control of nitrogen.
oxide emissions is likely to be easier at these lower pressure ratios.)

When range was fixed at 3000 nautical miles, TOGW minimized at a.
cruise speed of Mach 0.92 for an FPR of 2.25 and Mach 0.90 for an FPR
of 1.70. The TOGW minimized at 262 000 pounds for the suppressed two-
stage fans meeting the 106-~PNdB noise goal and at 268 000 pounds for the
suppressed single-stage fans meeting the 96-PNdB goal. Direct operating
cost, however, minimizes at a slightly higher Mach number than TOGW
because of the beneficial effect of the lower block time obtained at
higher cruise speeds. DOC minimized at Mach 0.94 for an FPR of 2,25
and Mach 0.92 for an ¥PR of 1.70. Only a very slight increase in DOC
is incurred by raising the cruise speed to Mach 0.95 for an FPR of
2.25 and Mach 0.94 for an' FPR of 1.70. With airplane costs based on
those of existing airplanes of the same weight, DOC was computed to be
in the vicinity of 0.5 cent per seat-statute-mile for these optimum
engines with 20 PNdB of suppression. If a 50 percent rise in airplane
cost is assumed, DOC's minimize at slightly more than 0.6 cent per seat-
mile. ‘

What  appear to be significant DOC penalties are incurred by in-
creasing the design cruise speeds teo Mach 0.98. For a cruise speed in-
crease from Mach 0.94 to 0.98, a block time saving of about 11.5 minutes
can be realized over a 3000-nautical-mile range. For a typical American
transcontinental range, the block time saving would only be about 8 min-
utes. It is unknown whether block time savings ef..this amount would war-
rant increasing the cruise speed to Mach 0.98.

Only slight TOGW and DOC increases were encountered in. the
vicinity of Mach 0.94 when noise was reduced by 10 PNdB by switching
from the two-stage to the single-stage fan engines with a higher bypass
ratio. TOGW increased about 10 000 pounds. The DOC increased by only
0.03 cent per seat-statute-mile. These penalties seem to be a small
price to pay for noise reductions of this magnitude. For noise levels
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below 92 to 96 PNdB, design FPR's lower than 1.70 are probably desirable,
but were not considered in the present study.
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TABLE I. - EFFECT OF DESIGN FAN PRESSURE RATIO AND CRUISE SPEED ON

RANGE OF ACOUSTICALLY—TREATED* OPTIMUM AIRPLANES

fe. Noise | R@FPR = 1.7, | R@FPR = 2.25, | AR = Rope n oo = Rppn 1 -5
goal, n mi n mi ami -
PNDB
0.90| None 4175 4245 70
106 4145 4180 _ 35
96 4102 — -—
0.94| None 3985 4175 | 190
106 3950 4115 165
9% | 3910 _— , —
0.98| None | 3410 3740 | 330
106 3346 3680 334
96 3280 — . —
- , =

Acoustic treatment limited to an assumed maximum of 20 PNDB.
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